In this study, soil and aquatic sediments were sampled in the Aetoliko Lagoon and its catchment area, which is exclusively dominated by olive orchards. For the first time in Greece, soil as well as sediments samples of one coherent protected aquatic ecosystem were directly compared. In order to determine the influence that the usage of copper-based fungicides have on the lagoon sediments and on the soils of the surrounding area, twenty five (25) soil samples from different olive orchards that are bordering the water body and ten (10) sediment samples from the bottom of the lagoon were taken. The samples were analyzed for total copper content (total digestion) and extractable copper (diethylenetriaminepenta acetic acid, DTPA, extraction method). Furthermore, soil/sedimentological and geochemical analyses such as pH, grain size, total organic carbon, total sulfur, total nitrogen, and calcium carbonate content were carried out. The results show that the total copper in soils ranges from 58.37 to 671.33 mg kg −1 . In addition the DTPA-extractable copper in soils has an average value of 45.00 mg kg −1 . The average value of total copper in soils (286.24 mg kg −1 ) is higher than the threshold value for the Cu concentration (100 mg kg −1 ) set by the EU countries. Total copper content in the lagoon sediments is lower than in soils and varies between 43.85 mg kg −1 and 71.87 mg kg −1 . The DTPA-extractable copper in sediments is in low ranges from 0.14 to 0.60 mg kg −1 . On average, the total copper value for the lagoon sediments (55.93 mg kg −1 ) exceeds the Toxicity Screening Value (25.20 mg kg −1 ) for Cu in freshwater sediments. From the present study, it is clear that, although the copper in soils of the surrounding lagoon area exceeds the threshold limit for ecological risk, the lagoon sediments are influenced in a smaller degree. Our study can be used as a valuable reference and baseline for future studies on the environmental monitoring of the Aetoliko lagoon, as well as for studies in similar ecosystems.
Introduction
The artificial entry and accumulation of copper in the environment can possibly influence the geochemical characteristics of soils and sediments in a negative way because copper works as a pollutant in high concentrations [1] . The olive tree and therefore olive orchards have been shaping cultural landscapes in many parts of Greece for thousands of years and play a vital role in the country's culture. 
Materials and Methods

Sampling the Olive Orchards Soil and Lagoon Sediments
A total number of 35 samples were collected, 25 top soil samples (coding A1-A25) were taken from olive orchards around the Aetoliko lagoon and 10 samples (coding T1-T10) from the lagoon's bottom sediments ( Figure 2 ). The soil samples were taken using an auger to a depth of 20 cm from different orchards and to be at least 200 m apart from each other to have a clear distinction. From each sampling location four different subsamples, at about 1.5 m from the tree trunk were taken, and well mixed and homogenized according to LUCAS topsoil survey methodology [23] . When choosing the sampling sites on land, close attention was paid to stay within the small strip of land between the lagoon and a system of drainage canals that surround the water body in order to assure that the sample area is relatively hydrologically homogenous. The surface layer (approximately 5 cm) of the bottom lagoon sediment samples were taken using a van Veen grab operated from a small boat, and geographically covering the entire lagoon ( Figure 2 ). 
Materials and Methods
Sampling the Olive Orchards Soil and Lagoon Sediments
A total number of 35 samples were collected, 25 top soil samples (coding A1-A25) were taken from olive orchards around the Aetoliko lagoon and 10 samples (coding T1-T10) from the lagoon's bottom sediments ( Figure 2 ). The soil samples were taken using an auger to a depth of 20 cm from different orchards and to be at least 200 m apart from each other to have a clear distinction. From each sampling location four different subsamples, at about 1.5 m from the tree trunk were taken, and well mixed and homogenized according to LUCAS topsoil survey methodology [23] . When choosing the sampling sites on land, close attention was paid to stay within the small strip of land between the lagoon and a system of drainage canals that surround the water body in order to assure that the sample area is relatively hydrologically homogenous. The surface layer (approximately 5 cm) of the bottom lagoon sediment samples were taken using a van Veen grab operated from a small boat, and geographically covering the entire lagoon ( Figure 2 ).
Analytical Procedure
Soil and sediments classification based on grain size analysis, was made using a Malvern Mastersizer 2000 and fractions of sand/silt/clay were calculated [24] . The USDA soil classification ternary diagram was used to define the texture of the soils and the sediments classification [25] . Total organic carbon (TOC) was determined using the Wakley-Black titration method, as validated and described elsewhere [26, 27] . Total carbon (TC), total nitrogen (TN), and total sulfur (TS) were analyzed by a CHNS-O EA 1108 Elemental Analyzer and Calcium Carbonate content (CaCO 3 ) was measured using a FOG II Digital soil calcimeter [28] [29] [30] [31] based on modified methods reported by other researchers [32, 33] . The copper concentrations were calculated after: (a) Total digestion method-where total copper was done with the hydrofluoric acid digestion bomb technique [34] and (b) diethylenetriaminepenta acetic acid-DTPA extraction method for bioavailable copper [35] :
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The used DTPA extractant solution consisted of 0.005 M DTPA, 0.01 M calcium chloride (CaCl2) and 0.1 M TEA [triethanolamine, (HOCH2CH2)3N)]. For this purpose 1.97 g of DTPA, 1.47 g CaCl2.2H2O and 14.92 g TEA were dissolved separately in distilled water and then combined. The pH was adjusted to 7.3 using concentrated HCl and the volume made up to 1 L with distilled water. The DTPA extraction of the metals was carried out by shaking 10 g of each soil/sediment sample with 40 mL of DTPA extracting solution for 2 h at 200 rpm on a shaker table. After that, the slurry was centrifuged for The used DTPA extractant solution consisted of 0.005 M DTPA, 0.01 M calcium chloride (CaCl 2 ) and 0.1 M TEA [triethanolamine, (HOCH 2 CH 2 ) 3 N)]. For this purpose 1.97 g of DTPA, 1.47 g CaCl 2 .2H 2 O and 14.92 g TEA were dissolved separately in distilled water and then combined. The pH was adjusted to 7.3 using concentrated HCl and the volume made up to 1 L with distilled water. The DTPA extraction of the metals was carried out by shaking 10 g of each soil/sediment sample with 40 mL of DTPA extracting solution for 2 h at 200 rpm on a shaker table. After that, the slurry was centrifuged for 10 min and filtered on Whatman No. 2 filter paper and filled into test tubes for further analysis. All reagents used for both total digestion and DTPA extraction methods were of analytical grade.
The extracted solutions were analyzed by ICP-OES (Thermo Scientific iCAP 6000). The operating conditions were: Nebulizer Gas flow rates: 0.5 l/min; Auxiliary Gas Flow: 0.5 L/min; Plasma Gas Flow: 15 L/min; Pump rate: 45 rpm; ICP RF Power: 1100 W. Aliquots of an ICP multi-element standard solution (100 mg/L Merck) containing the analyzed elements, was used in the preparation of calibration solutions. Working standard solutions were prepared by dilution of the stock standard solutions to the desired concentration in 1% HNO 3 . The ranges of the calibration curves (6 points) were selected to match the expected concentrations for all the elements of the sample studied by ICP-OES. The correlation coefficient r obtained for all cases was 0.9999. The detection limits (LOD) were calculated as the concentrations of an element that gave the standard deviation of a series of ten consecutive measurements of blank solutions. Soil samples from BIPEA's proficiency testing scheme A15 were used to ascertain the accuracy of the measurements, and it was found better than ±5%.
For the pH determination of the soil samples, we applied the soil suspension method using 0.01 M calcium chloride (CaCl 2 ) [36] . A specified amount of the dried samples was sieved (<2 mm) and afterwards mixed the CaCl 2 solution. The suspension was then shaken for five minutes and left to settle for at least two hours. In a final step, the pH-value was determined with a HACH-LANGE HQ40D pH-meter.
Results
Soil and Lagoon Sediment Characteristics
The grain size analysis of all 25 soil samples reveals fluctuations between the sampling stations. The soil of the olive tree orchards consists of very poorly sorted reddish brown to weakly red loam to sandy loam (15 samples silt loam, eight samples sandy loam, and two samples loam) ( Table 1 ). The sand class portion is relatively low, ranging between 4.91% to 20.58%, with a mean value of 10.30%. Grain sizes mean values range from 2.64 to 6.59 Φ and sorting values ranges between 2.0 and 3.39 Φ characterizing the material as very poorly sorted ( Table 1) . Skewness indicates a coarse skewed to symmetrical distribution whereas the kurtosis shows a platykurtic to mesokurtic distribution. The TOC values ranges from 0.34 to 4.04% with a mean value of 2.58%, TN and TC mean values are between 0.54 and 4.59% respectively ( Table 1 ). Calcium carbonate concentrations in the orchard samples are relatively low, were in most cases below 3% with a maximum value of 41.50%, while in 13 out of 25 samples, no CaCO 3 was detected. The pH-values in the orchard soils range from 4.85 (A 21) to 7.59 (A 16). There is no clear pattern observable in a spatial distribution. However, the samples A23, A24, and A25 show relatively low pH values compared to the other samples and are moderately acid. The highest numbers are found in the samples A15 to A 20. Sulfur was not found in soil samples. These soils are classified as slightly or moderately alkaline [37] .
The main lithological type of the lagoon bottom sediments is mud and sandy silt, characterized by relatively uniform distributions. The sand class portion is relatively low, ranging between 5.96 to 15.57% ( Table 2 ). The mean grain size of Aetoliko lagoon sediments ranges from 3.90 Φ to 6.14 Φ with an average of 5.44 Φ. Total organic carbon content was also higher in the aquatic sediments with a mean value just over 2.5%. The average of the total nitrogen content in the sediment samples was significantly higher compared to the samples from the orchards (mean 0.54%). Sulfur was only found in the bottom sediment samples at values from 0.94% (T8) to 2.08% (T4). 
Total and Bioavailable Copper Concentration
The lowest values in total copper content in the orchard samples were found in samples A6 and A16. The mean values of total copper content are 286.24 mg kg −1 and 45.00 mg kg −1 for DTPA-extractable copper in the orchard samples. The smallest amounts of total copper in the lagoonal sediment samples were measured in T1 and T6. In addition, samples T1, T3, and T6 show low values of Cu DTPA in the lagoon sediments. The concentrations of total copper found in the orchard samples are in general much higher than those for the samples from the bottom of the lagoon (Figure 3) . The comparison between the total copper content of the orchard soil samples and the lagoon samples show that most soil samples have significantly higher values. The only exceptions are samples A6, A16, and to a lesser extent sample A14.
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correlation (r = 0.87) in the soil sample results is found between the TN and the TOC content. Both total and DTPA Cu show a positive correlation with TOC and TN (r = 0.56 for Cu total and TOC, r = 0.55 for total Cu and TN, r = 0.51 for Cu DTPA and TOC, r = 0.52 for Cu DTPA and TN). A positive but relatively weaker correlation can be observed at the values for the total copper content and the bioavailable copper content (r = 0.49). To examine whether the grain size might play a role in the accumulation of any of the chemical parameters or affect the copper content in the samples the corresponding numbers were also added to the statistical analysis. The overall weak correlations with huge spans of the 95% confidence intervals show no potential relation of grain size and any of the studied parameters. These findings of no statistical correlation between soil grain size and copper concentration confirm results of other researchers [38] . They found that copper movement in soils is limited and independent of the type of soil due to copper's strong affiliation with soil colloids [38] . Organic carbon and total copper content show a positive correlation (r = 0.56). This confirms that organic matter is one of the materials that are responsible for retaining copper in the soil [39] .
The correlation of the Cu values from the bottom sediment samples show that there is a stronger positive correlation (r = 0.79) between the total Cu and the DTPA Cu values. This reveals that the majority of the Cu content in sediments is related to the copper used for the olive trees treatment in the studied area. The strong correlation between TN and TOC is also found in the sediment samples and is consistent with the results of other researchers [15] . There is a negative correlation of Cu DTPA, TOC and TN (r = −0.53 and r = −0.64 respectively). Weak, but also negative correlations are found between total Cu, TOC, and TN (r = −0.35 and r = −0.26, respectively).
Discussion
In the study area, farmers keep their olive trees healthy and manage pathogens with strategically timed disease control programs by the application of copper sprays to protect the foliage and fruit from infection. Successful disease control depends on even distribution and good retention of the 
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Correlation matrices (Pearson) of all examined chemical parameters, copper content and grain size of the 25 soil and the 10 sediment samples were calculated using the OriginPro 9.0 scientific graphing and data analysis software (Tables A1 and A2 , Appendix A). The strongest positive correlation (r = 0.87) in the soil sample results is found between the TN and the TOC content. Both total and DTPA Cu show a positive correlation with TOC and TN (r = 0.56 for Cu total and TOC, r = 0.55 for total Cu and TN, r = 0.51 for Cu DTPA and TOC, r = 0.52 for Cu DTPA and TN).
A positive but relatively weaker correlation can be observed at the values for the total copper content and the bioavailable copper content (r = 0.49). To examine whether the grain size might play a role in the accumulation of any of the chemical parameters or affect the copper content in the samples the corresponding numbers were also added to the statistical analysis. The overall weak correlations with huge spans of the 95% confidence intervals show no potential relation of grain size and any of the studied parameters. These findings of no statistical correlation between soil grain size and copper concentration confirm results of other researchers [38] . They found that copper movement in soils is limited and independent of the type of soil due to copper's strong affiliation with soil colloids [38] . Organic carbon and total copper content show a positive correlation (r = 0.56). This confirms that organic matter is one of the materials that are responsible for retaining copper in the soil [39] .
Discussion
In the study area, farmers keep their olive trees healthy and manage pathogens with strategically timed disease control programs by the application of copper sprays to protect the foliage and fruit from infection. Successful disease control depends on even distribution and good retention of the copper over all of the plant surfaces before the disease develops. Copper is not a systemic chemical and cannot be carried internally through the plant to kill the pathogen. Thus, farmers apply copper sprays to protect the trees 2-4 times per year with a high-pressure sprayer in good working order mixing the correct concentration, and getting good coverage.
In an extensive study, the mean values for total copper content and DTPA-extractable copper content for agricultural soils calculated from Western Greece and other Greek regions like Fthiotida and several regions on the Peloponnesus peninsula, Samos or Voiotia [40] . The mean values for Western Greece are 105 mg kg −1 (total copper) and 30.2 mg kg −1 (DTPA-extractable copper). The respective numbers for the whole country are 138.28 mg kg −1 and 30.65 mg kg −1 [40] .
Countries in Europe have defined risk levels with different concentrations of Cu, which have been widely accepted and applied internationally for agricultural soils [9, 10, 41, 42] . Based on these guidelines, the threshold value for Cu in soils is 100 mg kg −1 , the lower value defined on the basis of ecological risks is 150 mg kg −1 and the higher value is 200 mg kg −1 . In addition, the Toxicity Screening Value (TSV) for copper in freshwater sediments is 25.2 mg kg −1 , while the TSV for Cu in marine estuarine sediments is 28.7 mg kg −1 [43] .
The present study shows that the copper content in the orchard soils reached a critical point. The highest concentration of total copper in the analyzed samples was 671.33 mg kg −1 and only five samples do not exceed the 150 mg kg −1 limit for ecological risk [9, 10] . All samples show a higher copper concentration than untreated soils. The lowest total copper content was measured in samples A6 and A16. These samples were taken in an orchard with very young trees compared to the other orchards sampled in this study. The age of the plantation was estimated with 5 to 15 years. That means the soil could not come in contact with the fungicide for a long period and younger trees have a smaller crown and therefore less fungicide has to be used with each application of the fungicide. Apart from the soil sample points A6 and A16, no other copper content values can be explained as easily. The variations can be a result of different farmers using different products of fungicide with lower or higher copper concentration or simply apply less fungicide. Two other factors play a role in the copper concentration in the soil. One is the respective age of the olive trees. After a certain point it is hard to tell how old a tree is if it is not a very young tree. Older plantations have been treated more often with fungicides during the years. The other factor is the time when the treatment of the trees started. It is possible that treatment in one place started only 30 years ago when the plantation already existed for 100 years and other farmers started treatment some 50 years ago with trees of 60 years of age.
The mean values of 286.24 mg kg −1 total copper content and 45.00 mg kg −1 DTPA-extractable copper content in our study are higher than the 105 mg kg −1 and 30.2 mg kg −1 , respectively, reported for Western Greece soil samples [40] . These numbers suggest that the influence of copper-based fungicide use in soils is higher in the Aetoliko region than in the rest of Western Greece. The majority of the samples show total Cu concentration in soils is above the threshold, the lower and the higher ecological risk value [9, 10] . In contrast, the concentration for extractable copper for soils is well below these values (Figure 5a ). The pH-value of the soil plays an important role for the availability of copper, especially when it is under the critical value of pH 5 [46] . With a pH value of 4.85, only sample A21 was in that critical range. This is a factor that should be monitored closely as soil pH-levels play an important role of copper accumulation on plants.
The major processes regulating the provenance of copper in soils and sediments in the studied area are: (a) Accumulation of copper ions in soils during the application of copper based fungicides, (b) consumption of copper ions by plants and organisms, (c) leaching of copper ions from plants and In the lagoon sediments, the samples from the locations T1 and T6 show the lowest copper content. These two points are in the center of the lagoon at its deepest point. However, the lowest total Cu values for the lagoon sediments (43.85 mg kg −1 ) exceeds the TSV for copper in freshwater sediments (25.2 mg kg −1 ) [43] . Taking into consideration the Sediment Quality Guideline of US EPA [44] , the majority of the lagoon sediments are characterized, moderated to heavily polluted because total Cu concentrations exceeds the limit of 50 mg kg −1 [45] , however the DTPA Cu values are well below the unpolluted to moderated polluted boundary (Figure 5b ). This means that due to copper's characteristic to accumulate in soils there is a potential that a substantial amount of copper contaminated material makes its way into the lagoon with normal surface runoff, accelerated through heavy rainfall events, or as windblown dust during dry seasons.
The pH-value of the soil plays an important role for the availability of copper, especially when it is under the critical value of pH 5 [46] . With a pH value of 4.85, only sample A21 was in that critical range. This is a factor that should be monitored closely as soil pH-levels play an important role of copper accumulation on plants.
The major processes regulating the provenance of copper in soils and sediments in the studied area are: (a) Accumulation of copper ions in soils during the application of copper based fungicides, (b) consumption of copper ions by plants and organisms, (c) leaching of copper ions from plants and soils, (d) input of copper ions in the lagoon water body, and (e) accumulation of copper substances in the bottom sediments ( Figure 6 ). In soils, copper is subject to sorption onto colloid compounds, interaction with humic substances and organic matter, precipitation, adsorption on clays and carbonate minerals etc. In our study, the positive correlation of both total Cu and extractable Cu with TOC and TN in soils shows this association of copper ions with the organic fraction of the samples analyzed. This is further supported by the negative association of total Cu and DTPA Cu in the samples with the carbonate phases and the very weak positive loadings with the clay fraction of the soils. The adsorption of Cu 2+ ions onto organic matter can be described by the following equation:
However, another portion of copper ions can be associated with other soil substances like FeOx, MnOx, and AlOx and/or can be leached from soils by the rainfall [47, 48] . This association is affected by the pH of the soils, because H + and OHinfluence the surface potential and surface charge of oxides [49] . The above substances enter the lagoon mainly by runoff and the Cu 2+ ions are participating in bio-geochemical processes within the water column and the sediments.
The correlation analysis of the lagoon sediment samples reveals that there is an opposite geochemical behavior of total Cu and extractable Cu than in the soils. In the lagoon sediments, both total Cu and DTPA Cu show a negative correlation with TOC and TN. Additionally, total Cu shows In soils, copper is subject to sorption onto colloid compounds, interaction with humic substances and organic matter, precipitation, adsorption on clays and carbonate minerals etc. In our study, the positive correlation of both total Cu and extractable Cu with TOC and TN in soils shows this association of copper ions with the organic fraction of the samples analyzed. This is further supported by the negative association of total Cu and DTPA Cu in the samples with the carbonate phases and the very weak positive loadings with the clay fraction of the soils. The adsorption of Cu 2+ ions onto organic matter can be described by the following equation:
However, another portion of copper ions can be associated with other soil substances like FeOx, MnOx, and AlOx and/or can be leached from soils by the rainfall [47, 48] . This association is affected by the pH of the soils, because H + and OH − influence the surface potential and surface charge of oxides [49] . The above substances enter the lagoon mainly by runoff and the Cu 2+ ions are participating in bio-geochemical processes within the water column and the sediments.
The correlation analysis of the lagoon sediment samples reveals that there is an opposite geochemical behavior of total Cu and extractable Cu than in the soils. In the lagoon sediments, both total Cu and DTPA Cu show a negative correlation with TOC and TN. Additionally, total Cu shows positive correlation with the clay fraction while DTPA Cu shows only a weak positive association with clays.
On average, total Cu in soils is 286.24 mg kg −1 , which is about 5-times higher than the average of 55.93 mg kg −1 in the lagoon sediments. This indicates that the majority of the copper in the study area has not been accumulating in the lagoon bottom sediment so far. This conclusion is consistent with the anoxic conditions below 10-11 m in the lagoon environment and the increase of dissolved copper in the water column of the lagoon [15, 16] . Anoxic conditions do not facilitate the precipitation of copper solid phases and thus cupric ions remain in solution. Additionally, the pH profiles of the uppermost 10 m of the lagoon water body can explain the selective adsorption of Cu 2+ ions onto the clays surface [15] . Under alkaline conditions, the OH − ions influence the surface charge and potential of clay minerals resulting in a negative surface charge, thus facilitating Cu 2+ adsorption. A general equation for the adsorption of Cu 2+ ions onto the clay minerals [Clay ≡ (Al, Si)OOH] surface can be introduced. This process is well documented by the studies of many researchers [49] [50] [51] [52] [53] [54] :
This equation is consistent with the positive association of total Cu with clays in the sediments analyzed, however precipitation of copper sulphide solid phases cannot be excluded [16] .
The results of the grain size analysis show (with the exception of STA1) that the grain sizes of the bottom sediment of the Aetoliko lagoon are distributed relatively homogeneously [15] . This pattern can be found in all parameters for the samples taken from the lagoon. Both total and bioavailable copper as well as total nitrogen, total carbon, and total sulfur content do not differ much between the different sediment samples.
Conclusions
The total amount of copper that can be found in the soils of the olive orchards surrounding the Aetoliko lagoon is high and exceeds in most cases the critical limit as set by the European Union. This inherits the requirements for unwanted consequences for plant, animal and human life. The high values of copper in the soil are due to the application of copper-based fungicides. These fungicides also influence soil quality. The total Cu values in the Aetoliko lagoon sediments are lower than the total copper values in soils. However, the average value of total Cu in sediments is higher than the Toxicity Screening Values for copper in freshwater and marine or estuarine sediments. The geochemical behavior of Cu in soils is related with the organic fraction of the orchard samples. However, total copper in the lagoon bottom sediments is associated with the clay fraction of the studied samples.
A better picture of the whole impact of the added copper on this particular lagoon environment can, lastly, only be evaluated if further studies can be carried out that take additional factors into account. These studies can be focused on e.g., water quality with special regard to the copper content. In addition to that the collaboration and exact data of the local farmers would be of great importance. Otherwise there is no exact information about the used amount of fungicide on the respective orchards and the time span of the usage of the products in question. Further research on that matter and especially on alternatives to copper-based fungicides is highly recommended.
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Appendix A
